Abstract Recently, melatonin (Mel) has been detected in wine, and as its quantity increases during alcoholic fermentation, yeasts are primarily responsible for its production during the process. L-tryptophan (L-Trp) is an indolic molecule that plays an important role as a precursor of a large amount of tryptamine molecules, including Mel. We propose a novel method for detecting Mel and other derived indole compounds directly on yeast cells based on the voltammetry of immobilized particles methodology. This will abridge and facilitate the detection of these highly conserved and electroactive molecules. Tafel and modified Tafel analyses have been used to distinguish among Mel, tryptophol, and indole-3-acetic acid. We obtained different voltammetry responses in various Saccharomyces strains treated with L-Trp, 5-hydroxytryptophan, and serotonin and without them. The different responses allowed us to assess the production of indole compounds from L-Trp and other precursors. The voltammetric changes in mutant strains with deleted genes of tryptophan metabolism were also tested.
Introduction
Originally, melatonin (Mel) was seen as a unique product of the pineal gland of vertebrates and was called a neurohormone. However, in the last two decades, it has been identified within a wide range of invertebrates, plants, bacteria, and fungi. Therefore, today, Mel is considered a ubiquitous molecule present in most living organisms (Tan et al. 2015) . In particular, this indolamine has been significantly detected in many food plants, and consequently, it can now be considered a dietary component, even if its daily intake is very difficult to estimate (Iriti et al. 2010; Iriti and Varoni 2015) Among food plants, grape vine (Vitis vinifera) represents a source of Mel that deserves being paid special attention because of wine production, an alcoholic beverage of economic relevance, with the presence of molecules with putative bioactivity.
Mel has been recently detected in wine, and despite the contribution of grapes to the final concentration of Mel and other indolamines, significant increases in these molecules in the fermentation step of the wine-making process (Vigentini et al. 2015) indicate the pivotal role of yeasts in this production. A pioneering paper demonstrated that Saccharomyces cerevisiae synthesizes Mel and metabolizes it to other 5-methoxylated indoles (5-methoxytryptamine and 5-methoxytryptophol) (Sprenger et al. 1999) . More recently, Rodriguez-Naranjo et al. (2012) proved the synthesis of Mel in several wine yeast strains under conditions that mimicked grape must fermentation. These authors concluded that Mel synthesis largely depends on the growth phase of yeasts and the concentration of L-tryptophan (L-Trp) and sugars in the growth medium.
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Although very little information on Mel biosynthesis in organisms other than vertebrates is available, in yeast, the pathway seems similar to the synthetic route and enzymes described in vertebrates (Sprenger et al. 1999) . This synthesis route is very simple, with four enzymes involved in the conversion of L-Trp into 5-hydroxy-L-tryptophan (5-OH-Trp), this into serotonin (Ser) and N-acetyl-serotonin (N-AcSer) intermediates, and finally into Mel (Fig. 1a) . However, the genes that encode the enzymes of this putative Mel synthesis pathway are completely unknown. Only gene PAA1, a polyamine acetyltransferase, has been proposed as a homolog of the arylalkylamine N-acetyltransferase of vertebrates, which converts Ser into N-AcSer (Ganguly et al. 2001) .
We were very interested in elucidating this Mel route by searching other homolog genes to those described in vertebrates and by assaying the enzymes in the conversion of different intermediates into the final Mel product. However, to achieve this aim, we needed a sensitive, easy, reliable, and economic method to measure intracellular Mel. This molecule has been determined by high-performance liquid chromatography (HPLC) with fluorescence detection (Mercolini et al. 2008; Yin et al. 2016 ) and/or mass spectroscopy detection (Arnao and Hernández-Ruiz 2007; Fernández-Cruz et al. 2016; Iriti et al. 2006; Kollmann et al. 2008; Yang et al. 2002) , gas chromatography and mass spectroscopy (Best et al. 1993; Van Tassel et al. 2001) , and enzyme-linked immunosorbent assay (ELISA) (Kollmann et al. 2008; Maldonado et al. 2009; Pape and Lüning 2006) . Nonetheless, given the low Mel production levels by yeasts (Rodriguez-Naranjo et al. 2012) , these methods are poorly sensitive or technically complex to become a routine technique to detect Mel production in yeasts. Thus, our aim was to adapt and set up a simple, rapid, and low-cost technique for detecting the presence of Mel and its intermediates in S. cerevisiae intracellular samples.
In this context, conventional solution-phase electrochemical techniques have been used to determine different individual analytes (Yang et al. 2015) , estimate antioxidant capacities (Karadag et al. 2009; Mulazimoglu and Mulazimoglu 2012) , and evaluate quality parameters (Ziyatdinova et al. 2015) of foods. Given the electroactive character of Mel (Radi and Bekhiet 1998) and the peculiar nature of the involved samples, we tested the possibility of using solid-state electrochemical techniques to acquire analytical information based on the voltammetry of immobilized particles (VIMP) methodology.
This technique, developed by Scholz et al. in the late 1980s (see comprehensive reviews in Scholz and Meyer(1998) and Scholz et al. (2014) , provides the electrochemical response of sparingly soluble solids attached to inert electrodes that come into contact with suitable electrolytes applied in a variety of fields (Doménech-Carbó et al. 2013) . By means of this approach, the voltammetric response of the microparticulate deposits that result Mas et al. (2014) ). b Representation of the structures of Mel, Tol, 3-IAA, L-Trp, 5-OH-Trp, N-AcSer, and Ser from evaporating ethanol, acetone, etc., extracts from the cellular strains on the surface of solid electrodes were measured in contact with aqueous electrolytes. Since Mel as well as directly related compounds in yeasts are sensitive to temperature changes and oxidizing agents (Tan et al. 2007; García-Parrilla et al. 2009 ), the proposed methodology, involving room temperature operations and "smooth" extraction pretreatment, offers in principle high representativity.
This allowed us to record the responses associated with selected electroactive species without having to determine their entire extract composition. Application for screening tomato fruits (Doménech-Carbó et al. 2015a ) and tea (Domínguez and Doménech-Carbó 2015; Liu et al. 2014) varieties, studying the antioxidant capacity associated with the interaction with reactive oxygen species (Doménech-Carbó et al. 2015b) , and monitoring plant defenses against external stressors (DomenechCarbó et al. 2015c) have been described. In particular, VIMP has been proposed to access chemotaxonomic information to yield phylogenetic trees (Domenech-Carbó et al. 2015d ).
This methodology was applied here into cellular samples to screen the capability of Mel biosynthesis by different industrial and lab Saccharomyces strains and to explore Mel production by testing different possible pathways. This application exploits the fact that Ser (Wrona et al. 1986; Wrona and Dryhurst 1987) , Mel (Crespi et al. 1994 ), L-Trp, and other directly related indolic compounds (Enache and OliveiraBrett 2011) are electrochemically oxidized, which prompt their determination by voltammetric techniques. Although a variety of modified electrodes have been reported for Mel (Beltagi et al. 2003; Caro et al. 2016; Corujo-Antuña et al. 2003a, b; Qu et al. 2005; Radi and Bekhiet 1998; Saber 2010; Wei et al. 2012; Xiao-Ping et al. 2002) and L-Trp (Beitollahi et al. 2015; Liu et al. 2013; Safavi and Momeni 2010) determination in pharmaceutical formulations and biological fluids, their application to direct cellular yeast strains, where a complex matrix exists and several potential interferents are present, appears uncertain when such conventional solution-phase electrochemistry methodologies are employed.
Material and Methods

Chemicals and Materials
The stock solution for L-Trp and Ser pulses was prepared with water and filtered with a 0.45-μm filter for sterilization. With Mel, the stock was prepared in ethanol absolute (Panreac-AppliChem, Spain). All the stocks were prepared before use, and all the reagents were purchased from SigmaAldrich (Sigma-Aldrich, USA). The patterns for HPLC calibration were prepared from stock solutions of 1 mg/mL of each indolic compound, L-Trp, 5-OH-Trp, Ser, N-AcSer, Mel, 3-indolacetic acid (3-IAA), and tryptophol (Tol), in methanol and diluted in ultrapure Milli-Q water. The final concentrations of the calibration standards were 0, 0.1, 1, 10, 100, and 1000 ng/mL, which were prepared freshly before use. Stock solutions were immediately stored at −20°C.
Yeast Strains
The yeast strains used in this study were lab strain BY4743 from S. cerevisiae and three wine commercial strains VELLUTO BMV58 (S. uvarum), QA23 (S. cerevisiae) provided by Lallemand (Lallemand S.A., Canada), and AROMA WHITE (S. cerevisiae) provided by Enartis (Enartis S.A., I t a l y ) . We a l s o u s e d m u t a n t s B Y 4 7 4 3 Δ a ro 1 0 (aro10Δ::KanMX4) and BY4743Δtrp1 (trp1Δ::KanMX4). B o t h B Y 4 3 4 7 m u t a n t s w e r e o b t a i n e d f r o m t h e EUROSCARF collection (Frankfurt, Germany). We also constructed a derivative QA23Δtrp1 (trp1Δ::NatMX4) strain derived from the QA23 haploid strain by the short-flanking homology method (Güldener et al. 1996) as previously described (López-Malo et al. 2014) .
Growth Conditions and Inoculum Preparation
The inoculum for the experiments was prepared by rehydrating dry yeasts in water according to the manufacturer's recommendations (30 min at 37°C). For the BY4743 strain and its mutants and for QA23Δtrp1, which are not available as dry yeasts, cells were grown overnight in YPD medium (20 g bacteriological peptone/L, 20 g glucose/L, 10 g yeast extract/L, pH 6.5) and washed twice with distilled water before being transferred to other media. After this rehydration process or overnight growth, yeast strains were suspended at cell densities of ∼10 8 cells mL −1 in salt medium (50 mM Na 2 HPO 4 , 0.5 % NaCl, adjusted to pH 5.8 using citric acid) and incubated in Erlenmeyer flasks with orbital agitation (150 rpm) at 28°C in complete darkness for 4 h. After the incubation period in the salt medium, L-Trp and other indolic compounds (Ser and 5-OH-Trp) were added at a final concentration of 1 mM. Sampling was done at different times (5, 15, and 30 min) after adding the indolic compounds (Sprenger et al. 1999) .
Sample Preparation
After incubation with the indolic compound, 10 mL of each culture was centrifuged (10 min at 4000 rpm). The obtained pellet (∼10 9 cells) was washed twice with distilled water and transferred to a microcentrifuge tube to dry cells at 60°C for around 16 h. Intracellular metabolites were extracted by adapting the boiling buffered ethanol method, previously described by Gonzalez et al. (1997) . Three milliliter of a solution of 75 % (v/v) boiling absolute ethanol that contained 70 mM (final concentration) of HEPES buffer (pH 7.5) was added to the cell pellet. This mixture was incubated for 3 min at 80°C and for 3 min on ice. The extract was concentrated by evaporation of the volume at 45°C in a 5301 Concentrator plus/Vacufuge® plus (Eppendorf, Spain). The final intracellular content was resuspended in 1 mL of ultrapure Milli-Q water and centrifuged at 5000g for 10 min at 4°C to remove insoluble particles. The supernatant was transferred to a new tube and stored at −20°C until use.
Electrochemical Measurements
Aqueous acetic acid/sodium acetate (HAc/NaAc) buffer solutions, concentration 0.25 M and pH 4.75 and 0.10 M (Panreac, Spain), were used as supporting electrolytes for the electrochemical measurements. These were taken at 298 ± 1 K in a CH cell using a laboratory CH I660 potentiostat (Cambria Scientific, Llwynhendy, Llanelli, Wales, UK). A BAS MF2012 glassy carbon working electrode (GCE) (geometrical area 0.071 cm 2 ), a platinum wire auxiliary electrode, and an Ag/AgCl (3 M NaCl) reference electrode were used in a conventional three-electrode arrangement. Voltammetric measurements were taken in the solutions of an intracellular metabolite content at unmodified GCE and with freshly prepared, sample-modified GCEs immersed in aqueous acetate buffer. For electrode conditioning, ca. 1 mg of dried cells was powdered with an agate mortar and pestle by adding 0.5 mL of ethanol (Panreac, Spain) for 2 min. Then, 50 μL of the resulting suspension was dropped onto the GCE surface. After solvent evaporation in air, the electrode was inserted into the electrochemical cell and electrochemical runs were performed. Linear potential scan (LSV), cyclic (CV), and square wave voltammetry (SWV) were used as the detection modes.
Liquid Chromatography
Liquid chromatography was performed in an Acquity ultrahigh performance liquid chromatography (U-HPLC) (Waters, USA) in an Acquity UPLC BEH C18 (2.1 × 50 mm, 1.7 μm) column (Waters, USA) with mobile phases A (0.5 % formic acid in water) and B (acetonitrile). The flow rate was 0.4 mL/ min, and the injection volume was 5 μL. The gradient program was as follows: 0-0.5 min, 95:5 % (v/v), 0.5-3.5 min 0:100 % (v/v), and 3.5-7 min 95:5 % (v/v). The column temperature was set at 30°C.
An ACQUITY® TQD triple quadrupole mass spectrometer equipped with a Z-spray electrospray ionization source was used for detection purposes. Spectra were acquired in the positive ionization mode using multiple-reaction monitoring method employing an interchannel delay of 0.07 s. 
Results and Discussion
Electrochemistry of Reference Compounds
The electrochemistry of the relevant indolic compounds (see the structures in Fig. 1b) , Ser, 5-OH-Trp, N-AcSer, Mel, and L-Trp films on GCE from their ethanolic suspensions, was studied upon immersion into aqueous acetate buffer at pH 4.75. Under these conditions, the films remained stable for 10-15 min and thus allowed the determination of a welldefined electrochemical response, as illustrated in Fig. 2 . In all cases, an apparently irreversible oxidation wave was recorded, and the peak potential ranged between +0.45 and +1.05 V vs. Ag/AgCl. As we suspected a possible overlapping between Mel and other major tryptophan metabolism compounds, we also included the analysis of films on GCE prepared by the evaporation of ethanolic solutions of Tol and 3-IAA to define the electrochemistry response. As can see in Fig. 2 , the voltammetric signal for these three compounds was almost identical. In order to solve this overlapping signal for Mel, Tol, and 3-IAA, a generalized Tafel analysis and a modified Tafel analysis were applied as explained in "Discrimination among Mel, Tol, and 3-IAA" section.
As reported by Wrona et al. (1986 Wrona et al. ( , 1987 , oxidation of Ser in aqueous electrolytes proceeds via an initial one-electron one-proton oxidation step that yields a phenoxyl radical that subsequently undergoes a second one-electron one-proton oxidative step to give a very reactive quinone imine. This species reacts with water to give 4,5-dihydroxytryptamine, which, in turn, undergoes a two-electron two-proton oxidation to a quinone, tryptamine-4,5-dione, which thus results in an overall four-electron process. The same pathway would be operative for 5-OH-Trp and N-AcSer, which, consistently, produced an oxidation peak at a potential essentially identical one to that of Ser (Fig. 2) +0 .45 V. The electrochemistry of 3-IAA and L-Trp (the latter displayed a broad anodic wave at ca. +0.95 V) would consist in the following two steps: oxidation at position C2 on the pyrrole ring and hydroxylation at the C7 position of the benzene moiety (Beitollahi et al. 2015; Safavi and Momeni 2010) . Mel and Tol produced an oxidation peak at +0.70 V, which can be described, following Wrona et al. (1986 Wrona et al. ( , 1987 , and in two-electron oxidation terms, to form a quinoneimine, which is susceptible to nucleophilic attack to subsequently form dimers.
Discrimination Among Mel, Tol, and 3-IAA In the context of Mel determination, it is pertinent to note that voltammetric techniques can be considered in this context as complementary to chromatographic techniques. HPLC provides high discriminating capability and the concomitant unambiguous identification and quantification of individual species; however, the need of extraction or sample pretreatments diminishes to some extent the representativity of the sample. The voltammetric methodology described here, although having less discriminating ability, offers the possibility of analyzing samples with minimal pretreatment and fast measurement. As previously noted, discrimination remained an analytical problem because of the marked coincidence of the voltammetric signals. This can be seen in Fig. 2b , where the SWVs, after semi-derivative convolution, of the films on GCE, prepared by the evaporation of the solutions of Tol, Mel, and 3-IAA in water, are depicted. After taking five independent measurements, the peak potentials were 735 ± 5, 725 ± 5, and 755 ± 5 mV, respectively, under our experimental conditions.
In order to discriminate among Mel, Tol, and 3-IAA, the generalized Tafel analysis and the modified Tafel analysis based on voltammetric measurements in the solution phase (Buck 1964; Reinmuth 1960) , and previously introduced to study solid samples (Doménech-Carbó et al. 2011) , were applied. This is possible because in both linear potential scan and square wave voltammetries, the peak current for reducing the surface-immobilized species can be approached by an expression of the type (Lovrić and Komorsky-Lovrić 1988; Lovrić et al. 1991; Bond 1992; Komorsky-Lovrić and Lovrić 1995) 
where H is an electrochemical coefficient of the response characteristic of the electrochemical process and the electrode area and v is the potential scan rate (linear potential scan) or the square wave frequency f (square wave voltammetry) whereas the other symbols have their customary meaning. By assuming that both the linear scan and square wave voltammograms behaved similarly, the current at the beginning of the voltammetric peak can be tentatively represented as (Doménech-Carbó et al. 2011)
where q o represents the total charge involved in the complete reaction of the electroactive solid. By combining Eqs. (1) and (2), we obtain
This equation (Eq. (3)) characterizes the Tafel analysis. Here, both the generalized Tafel slope (SL = αn a F/RT) and the ordinate at the origin (OO = ln(k o RT/Hαn a F)) became characteristic of the solid analyte, regardless of the amount of sample deposited on the electrode.
The application of this formalism to the voltammograms of Mel, Tol, and 3-IAA produced ln(i/i p ) vs. E-E p plots who exhibited excellent linearity in terms of the linear regression coefficient (Table 1) . Although the voltammetric peaks were essentially coincident and the slopes of the three straight lines were essentially identical, the ordinates at the origin differed slightly, but consistently, which allowed the discrimination among these compounds, or even the identification of mixtures, where an intermediate ordinate at the origin should be obtained.
In the intermediate region of the voltammetric peak, where E came close to E°′, the following approximate expression, which defined the modified Tafel analysis, can be taken (Doménech-Carbó et al. 2011 ):
where A is a numerical constant. For practical purposes, this equation offered greater applicability than Eq. (3) because minor interfering peaks frequently appeared at the beginning of voltammetric peak I. Application of the modified Tafel analysis to the blanks of Mel and Tol and to the mixtures of such compounds provided straight lines, whose slope and ordinate differed at the origin for the pure compounds, whereas a sigmoidal plot was obtained with the mixtures, which approached the straight lines for Tol and Mel in its extreme regions (Fig. S1) . The above analysis was consistent with the experimental data for the variation of the voltammetric response of the cellular specimens spiked with L-Trp during the incubation time. (Fig. 3a) . This suggests that Mel could be one of the components of the initial mixture in the wo L-Trp; (iv) samples and QA23Δtrp1 + L-Trp 60 min provided curved Tafel plots, which suggests that these samples were composed of a mixture of components. At low potentials, these curves tended to coincide with that for Mel (Fig. 3b) . This indicated that a certain proportion of this compound remained in the QA23Δtrp1 + L-Trp 45 min and QA23Δtrp1 + L-Trp 60 min mixtures.
Indolic Compound Production in a Commercial Wine S. cerevisiae
Once we determined the electrochemical response of different indolic compounds, we aimed to monitor the production of these metabolites after the pulse of the different intermediates of the presumptive metabolic pathway. L-Trp, 5-OH-Trp, and Ser were added to the resting cells of wine strain QA23, incubated in a nonproliferant medium (salt medium). After a time that ranged from 5 to 30 min (only 30 min for the L-Trp pulse), the intracellular content was extracted and used as aqueous samples for conventional electrochemical measuring. Before adding the indolic compounds, cells displayed an oxidation signal close to +1.0 V, which can be attributed mainly to the oxidation of water to oxygen (oxygen evolution reaction), overlapped to this one of the original L-Trp. This oxidation signal was accompanied by weak signals within the +0.4 to +0.8 potential range, attributed to the oxidation of the intracellular metabolites already present in cells wo addition (note that some amounts of L-Trp, Mel, etc., were in the original samples). The voltammograms of QA23 + L-Trp (Fig. S2 ) displayed an intense anodic wave at +0.70 V, which was attributable to Mel, and were eventually accompanied by Tol and 3-IAA, which were entirely absent in the strain without LTrp addition. This result was consistently repeated in the replicate experiments for all the tested samples, thus denoting excellent repeatability. Similar results were obtained upon the addition of 5-OH-Trp and Ser pulses and after examining the intracellular liquid content (Fig. S3) . This signal increased significantly after 15 min with both indolic coumpound additions, and maximum intensity of the Mel peak was achieved at 30 min after the pulse for Ser. At this time, the signal that corresponded to Ser appeared at +0.45 V. At longer times, the Mel signal was accompanied by signals at ca. +0.45 V, which denoted the formation of secondary products. Interestingly, in all the experiments, by varying the incubation time, variations in the relative intensity of the anodic peaks that corresponded to the oxidation of the Mel group and L-Trp, I MelG /I Trp agreed well with those calculated from the HPLC data using the sum of the concentrations of Mel, Tol, and 3-IAA and the concentration of L-Trp. This can be seen in Fig. 4 for QA23 + 5-OH-Trp. As previously noted, although the proposed voltammetric methodology does not possess the high discriminating capacity of chromatographic techniques, quantifications of groups of compounds from this method were consistent with those obtained by HPLC, thus supporting the possibility of a complementary use of such techniques.
We were very interested in developing a simple and rapid procedure to monitor the biosynthesis of these indolic compounds. To this end, intracellular metabolite extraction is a time-and resource-consuming procedure that should be avoided. Solid-state electrochemistry techniques can be applied to monitor compositional changes with high sensitivity using microparticulate films on glassy carbon electrodes, obtained upon the evaporation of the ethanolic extracts of dried cells. The detection of voltammetric changes directly from dried QA23 cells after adding the indolic compounds (5-OH-Trp and Ser) was also assessed at different times (0, 10, 15, and 30 min; Fig. 5 ). In this figure, we can see that the oxidation signal of the Mel group at +0.70 V (marked by an arrow) increased with time compared to the tryptophan signal at ca. +0.95 V, which peaked at times between 10 and 15 min and then slowly decreased. At longer times, the Mel signal was accompanied by signals at ca. +0.45 V, which denotes the formation of secondary products.
Screening Different Wine Commercial Strains
We set up a method to rapidly monitor metabolite changes using the variation of the electrochemical responses of extracts taken directly from dried yeast cells (and avoiding intracellular content extraction). For this purpose, the voltammetric responses of the microparticulate deposits on the glassy carbon electrodes of the ethanolic extracts of the dried yeast cell samples were performed by procedures that have been previously described for screening vegetal varieties (Domenech-Carbó et al. 2015c, d) . We monitored the voltammetric response of the films from the ethanolic extracts of different Saccharomyces commercial wine strains and of lab strain BY4743. These voltammetric responses were dominated by a series of oxidation waves within the potential 0.0 and +1.2 V range, which can be attributed to different metabolites, such as flavonoids and indolic compounds. As shown in Fig. 6 , the linear potential scan voltammetric profiles differed significantly from one Saccharomyces wine strain to another and before and after the L-Trp pulse. We can see that the response of strain BY4743 consisted in almost isolated peaks for Mel and L-Trp oxidation, and the first increased at the expense of the second after the L-Trp pulse, whereas for the wine strains (Fig. 6) , the initial voltammogram consisted in a more or less complicated series of overlapping anodic signals, which yielded an increased Mel signal after the L-Trp pulse. This last effect, however, was low for AROMA WHITE (Fig. 6c, d) , for which the relative enhancement of the Mel signal became less marked.
By taking into account the different linear potential scan voltammetric profiles observed for each Saccharomyces strain, this technique could also be applied for typing different strains. This application has been already used for discriminating other biological species and for establishing correlations with phylogenetic trees (Domenech-Carbó et al. 2015c, d) . The availability of techniques that can discriminate at inter-and intra-specific levels is important for industry because they allow yeast populations and the contribution of inoculated strains to the process to be monitored. Many molecular methods have been developed for yeast strains typing; most of which are based on the DNA polymorphism (Esteve-Zarzoso et al. 2010) . Since previous results on plant leaves suggested the possibility of obtaining species-characteristic voltammetric profiles (Domenech-Carbó et al. 2015d) , it would be possible to hypothesize that voltammetric data can be applied for a fast screening of yeast strains. Further studies should be done with more Saccharomyces strains for this purpose.
Effect of the Deletion of Tryptophan Metabolism Genes on the Indolic Compound Profile
Tryptophan metabolism seems the key metabolic route for the synthesis of different indolic compounds. Thus, our aim was to compare the synthesis of these compounds in two mutant strains with deletion in two key genes of LTrp metabolism (ARO10 and TRP1) in relation to their wild strain BY4743. ARO10 is a phenylpyruvate decarboxylase that catalyzes the first L-Trp catabolism steps (Kneen et al. 2011 ). Thus, a mutant strain of this gene should accumulate more intracellular L-Trp than the wild type and be more metabolically available for indolic compound synthesis. was clearly higher in the mutant that in its parental strain. This is likely because L-Trp catabolism, via the Erlich pathway, is lower or null in the mutant strain and maintains a higher intracellular concentration of this amino acid and more available substrate for the synthesis of different indolic compounds. Conversely, TRP1 is a phosphoribosylanthranilate isomerase that catalyzes the third L-Trp biosynthesis step. The mutant strains in this gene are auxotroph for L-Trp because they are unable to synthesize this amino acid according to the exogenous supply in the culture medium. The variation in the voltammetric response of BY4743Δtrp1 after adding the L-Trp pulse was similar to the aro10 mutant results. Hence, the Mel peak at +0.70 V increased compared to the Trp signal at more positive potentials. In this case, however, the relative peak enhancement was lower than in strain BY4743Δaro10.
We also constructed this mutant Δtrp1 in wine strain QA23. Figure 8 compares the voltammograms of the wild strain and the mutant before and after the L-Trp pulse. Here, we can observe that the initial voltammograms of the wild and mutant strains significantly differed. After the L-Trp pulse, however, the signal for Mel oxidation was dramatically enhanced in both cases compared to any other voltammetric peaks.
Conclusions
The recent detection of melatonin in wines has been related mainly with the biosynthesis by yeasts during the alcoholic fermentation process. The synthesis by yeasts of this molecule and other derived indole compounds, with potential health benefits, opens up a new exciting research field, which can lead to increase these bioactive molecules in food, in which yeasts take part. A key point to improve the synthesis of these molecules during the fermentation process is to elucidate the complete metabolic pathway involved in the biosynthesis of these indolic compounds. We are currently working on this with different genes and enzymes, which may be putative candidates for transforming L-Trp into Mel. However, we realized that we needed a simple, accurate, and rapid method to test intracellular Mel production and its intermediates of the route. Here, we report the setup of a solid electrochemical method that allowed us to detect the synthesis of the main compound of the Mel metabolic pathways and other compounds related to L-Trp metabolism, such as 3-IAA and Tol. The application of this method to different lab and industrial strains has revealed the production of not only these compounds after the pulses of the initial substrate, L-Trp, but also intermediates, such as 5-OH-Trp and Ser. The voltammograms obtained for the different strains showed different profiles, which denotes a distinct concentration and distribution of the indolic compounds produced per strain. Moreover, these differences in the voltammetric response could be applied to type different commercial strains, which could be an important quality control tool for industrial. Finally, we also tested the voltammetric changes in the mutant strains with the deleted genes of tryptophan metabolism. The deletion of a single gene of this metabolic pathway impacted the synthesis of Mel and other indole compounds, which can be a promising strategy to improve the synthesis of these bioactive molecules and to increase their concentration in different fermented foods.
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